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moLiun and Iuti r bbuia; Kyplciiay i'ural (or many) bubble cycics
_.±rcedcd ignition. LffeCLS of laser fiLI level, incident laser angle

and absorption coefficient of the liquid on the formation of bubbles,
the size of bubbles, the frequency of bubble formation and the vaporization
process are studied. A feasibility study of the use of two-wavelength
holographic interferomeLry to measure Vapor concentration and its temperature
during the ignition period has been undertaken. The design of a system ,
to measure infrared absorption coefficients of liquid vapor at elevated
Lemperatures was completed.
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I * Ohj LN iVu and Work a LuwiL

Laser technology has been rapidly advancing in the last two decades. Power
ouLputis of modern lasers have increased significantly and these lasers can
now be used as tactical weapons. A high power laser weapon can ignite
aircraft fuel after fuel tank penetration and can thus cause a fire or
explosion on the aircraft. To increase aircraft survivability against such
weapons, one of the most effective safeguards is the prevention of ignition.
HloweveL, Lthe ignition of flammable liquids by laser radiation has been little
studied and is poorly understood. The objective of this study is to obtain
a fundamental understanding of the mechanism of ignition of flammable liquids
by a high power laser.

In the previous study by one of the authors, two important phenomena were
observed: (1) the appearance of first flaming in the gas phase and (2) complex
liquid behavior, such as bubbling, near the surface during the ignition delay
period. These indicate that ignition is caused by absorption of the incident
laser energy by fuel vapor in the gas phase and that the build-up of the fuel
vapor may be controlled by the complex liquid behavior. To understand these
mechanisms more clearly and quantify them for use in future theoretical models,
the following three topics are being examined in the current three year study
period: (1) detailed observation of the behavior of the liquid fuel near the
surface, (2) measurement of absorption coefficients of fuel vapors at elevated
temperatures and (3) measurement of distributions of fuel vapor concentration
of and temperature in the gas phase during the ignition period.

This report summarizes the progress and output from each of the above topics

during the first year of the planned three year period.

2. Status of the Research Effort

The curreut status of each of the above topics is described here:

(1) Observation of liquid behavior near the surface.

The first phase of this work is complete; it is reported on in the Appendix.
The time sequence of the behavior of the liquid fuel and of the fuel vapor
near the liquid surface was observed by high speed photography. Two high
speed cameras were used simultaneously in each experiment. One of them
piotograihed the liquid surface behavior from the top. The second camera
photographed either the behavior of fuel vapors in the gas phase made
visible by a schlieren system or the behavior of the liquid beneath the 2
surface by direct photography. A CW C02 laser with fluxes up to 2500 W/cm

2

was used with beam incident angles of 30 and 90 degrees with respect to the
liquid surface. Both n-decane and 1-decene were used as the liquid fuel.
The pictures reveal, in time sequence, the formation of a radial wave, a
central surface depression, bubble nucleation/growth/bursting followed by
complex surface motion and further bubbling. Effects of laser flux level,
Lncident laser angle and absorption coefficient of the liquid (16 cm-1

and 50 cm-J) on the formation of bubbles, the size of the bubbles, the
frequency of bubble formation and the vaporization process were studied.
A simple order of magnitude analysis is applied to ascertain the dominant
processes that underly these phenomena. Results are discussed in detail
in the Appendix. l
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(2) Measurement of infrared absorption coefficients of fuel vapors at
elevated temperatures.

The design of the experimental set up is completed and its schematic
illustration is included in this report. A small black-body will be
used as a radiation source; its temperature can be well controlled up
to 1300 K. The heated sample cell is 5 cm in inside diameter and 15 cm
long with two BaF windows on the ends. Its temperature is well controlled
up to 1000 K. The cell with the heater is currently under construction
and its completion is expected within the next few months. The infrared
monochrometer, a stepping motor assembly for driving the grating and a
desk top computer for overall control are currently available. The
programing and the interfacing between the computer and the monochrometer
will start shortly. The system will measure absorption coefficients of
fuel vapors from 2.0 to 11 pm. The total path length from the exit of
the black body to the entrance of the monochrometer is about 180 cm. To
avoid the effect of absorption by water vapor in the room air, most of
the optical path will be enclosed and purged by dry nitrogen.

(3) Measurement of distribution of fuel vapor concentration and temperature
during the ignition period.

We have undertaken a feasibility study of the use of holographic interferometry.
Since refractive index is a function of species concentration and temperature,
two different wavelengths need to be used to obtain both quantities. As a
first step, a single wavelength holographic interferometry system using a
He-Ne laser has been set up to assess the technique and the preliminary
results are described in the Appendix. At present, the second wavelength
from an Ar-ion laser (488 rim) is being added to the system and its schematic
illustration is included in this report. A photograph of the system is
also included in this report. Final adjustment of the system is in
progress and a preliminary study taking high speed holographic
interferometer movies during the ignition period will begin in the near
future.

3. Cumulative list of publications

1. Kashiwagi, T., "Ignition of a Liquid Fuel Under High Intensity
Radiation," Comb. Sci. Tech., Vol. 21, 1980, pp. 131-139.

2. Kashiwagi, T., Baum, H.R., and Rockett, J.A., "Ignition of Liquid
Fuel Under High Intensity Radiation." AFOSR-TR-80-0476, January, 1980.

3. Kashiwagi, Takashi, Ohlemiller, T.J., and Kashiwagi, Takao, "Ignition
Mechanism of a Liquid Fuel by High Intensity Radiation," AIAA preprint
number 81-0180, AIAA 19th Aerospace Sciences Meeting. This will probably
be submitted to Combustion and Flame.

4. Kashiwagi, T., "Effects of Sample Orientation on Radiative Ignition."
Submitted to Combustion and Flame.

4. Interactions

One of the authors (T. Kashiwagi) has had several discussions with Mr. Jon
Manheim, Wright Patterson Air Force Laboratories, about the observations on
the liquid behavior near the liquid surface during the ignition period.



5. Appendix

Attached is a copy of the preprinL, AIAA-81-0180, for the 19th Aerospace
Sciences meeting, St. Louis, January, 1981.
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Takashi Kashiwagi J T. I. Ohlemiller and Takao Kashiwagi
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Abstract

As an aid to understanding the ignition n-decene during laser irradiation and describes the

mechanism of liquid fuels under high intensity formation, growth and collapse of bubbles in the

radiation, the time sequence of behavior of the liquid and the growth of a vapor plume in the gas.

liquid fuel and of the fuel vapor near the liquid The primary physical processes in the overall

surface was observed by high speed schlieren and behavior are deduced from these observations by

direct photography. A CW CO2 laser with fluxes up simple qualitative and order of magnitude analyses.

to 1000 W/cmZ was used with beam incident angles of

30 and 90 degrees with respect to the liquid 2. Experimental Apparatus

surface. Both n-decane and 1-decene were used as

the liquid fuel. The pictures reveal, in time A schematic illustration of the experimental

sequence, the formation of a radial wave, a central apparatus is provided in Figure 1. A Coherent

surface depression, bubble nucleation/growth/ Radiation Model 41 CO2 laser* emits an approximately

bursting followed by complex surface motion and 6-7 mm diameter beam. Beam power was varied from

further bubbling. Effects of l- er flux level, 195 to 340 watts in the fundamental mode which has

incident laser angle and absorytion coefficient of a nearly Gaussian power distribution across the

the liquid (16 cm I and 50 cm- ) on the formation Ibeam. The incident flux distribution at the sample

of bubbles, the size of the bubbles, the frequency isurface position is measured prior to an experiment

of bubble formation and the vaporization process by traversing a water cooled, horizontally-mounted

were studied. A simple order of magnitude analysis 'calorimeter with 0.25 mm diameter sensing element.

is applied to ascertain the dominant processes that The maximum vL -e of the incident flux measured 1*

underly these phenomena. this manner is that reported as the incident radiant

flux in this study.

1. Introduction
A rotating mirror is used as a shutter to

Laser technology has been rapidly advancing in provide a step-function onset of irradiance; it

the last two decades. Power outputs of modern then remains open through the ignition event. The

lasers have increased significantly and these lasers onset of laser irradiation, i.e. t=O, was determined

can now be used as tactical weapons. A high p.wer by the signal from a sensitive pyroelectric detector

laser weapon can ignite aircraft fuel after fuel collecting part of the laser beam scattered from a

tank penetration and can thus cause a fire or mirror. The signal change turned off a neon lamp

explosion on the aircraft. To increase aircraft inside the high speed camera as an event mark on

survivability against such weapons, one of the most the film through electronic switching circuitry.

effective safeguards is the prevention of ignitlton. However, comparison of this event mark with the

However, the ignition of flammable liquids by laser onset of events on corresponding picture frames

radiation has been little studied and is poorly indicated and caused some ambiguity in quantifying

understood, although the ignition of solids (1,2) precisely each sequence in terms of time from the

and vaporization of liquid droplets by high power [onset of the laser irradiation. Consequentlytiming

lasers (3,4) has been studied. vwas frequently referenced to the onset of a surface
wave believed to result from photon pressure, as

In previous studies (5,6) by one of the described below. Further improvements in procedures

authors, the change in ignition delay time for a to determine the start of the experiment are

liquid fuel was measured for varying CO 2 laser flux, necessary in future studies.

laser incident angle and the size of the liquid con-

tainer. This work clearly showed the ultimate Two high speed cameras (HYCAM) were used

development of thermal runaway (ignition) in the simultaneously in each experiment. One of theis

gas phase as a consequence of laser energy absorp- photographed the liquid surface behavior from the

tion by the fuel vapors there. However, further top. The camera was focused on the surface and

understanding of the behavior of the vaporizing mounted as shown in Figure 1 so that the illumina-

liquid and its coupling to the build-up of vapor in tion seen by this camera was specularly reflected

the gas phase during the ignition period is needed light from an approximately 10 cm high diffusing

as a prelude to developing a theoretical model that screen illuminated in turn by a cungsten-halogen

could aid in avoiding ignition. lamp. This illumination tech -,"ue provides graded

but high contrast for detecting changes in surface

The objective of the present study is to obtain inclination. The second camera photographed either

an increased understanding of the mechanism of the behavior of fuel vapors in the gas phase made

ignition by observing with various photographic visible by a schlieren system as shown in Figure 1

techniques the sequence of events at the liquid

surface and in the gas phase near the surface during In order to adequately describe materials and V

the irnition delay period. This paper reports experimental procedures it is occasionally

various photographic observations on n-decane and necessary to identify commercial products by

*. manufacturer's name or label. In no instance does

Materials Engineer, Member AIAA such identification imply endorsement by the

* Research Engineer*National Bureau of Standards nor does it imply that

gi the particular product or equipment is necessarily
on leave from Tokyo Institute of Technology ___ the best available for that purpose.
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-r 0hv b.h.jv io[ u tht I iu Id b, :cith Lh :;Urf;JCe by 3b , the correlat ion b)two.il Lhe top v iYw p ic tures
direct photo!,rli)hy. It s'hl ivrn photography, the and the side view schlieren pictures is not well
He-Ne laser beam was cut horizontally from the established due to the lack of a precise determina-
bottom by a knife edge. Kodik 4X negative film for tion of the time when the laser starts to irradiate
high speed photography was used for all pictures the decane surface, as described in the previous
in this study; most prints were made at enhanced section (and differences in camera framing rates,
contrast, as well). The top view pictures in both figures

indicate the formation of a faint ring-shape wave
The dimensions of the liquid container are motion moving slowly outward radially. As time

5.5 cm x 7.8 cm by 5.5 cm deep. These dimensions increases after the laser irradiation begins, the
are large enough so as not to affect the ignition 'shape of the ring becomes clearer; the center part
delay time (5). Two optical grade quartz flats of the ring is concave. With further increases inwere used as observation windows in two sides of time, the top view pictures show a further surface

the container. The container was filled to the top depression at the center of the ring. This further
with the liquid fuel. 'depression is circular and its diameter is about

the same as that of the incident laser beam. At
Ignition is defined by the first light emission the same time, the pictures at low flux indicate

detected by a photomultiplier (S-5 response), the the development of small scale complex wave motions
output of which is recorded by an oscillographic between the area of the further depression and the
recorder with maximum resolution of + 1 msec. At ring. In Fig. 3b, side view schlieren pictures
the onset of flaming, a step-function-like output 'show the formation and growth of a laminar plume-
of the photomultiplier is obtained. This provides like cloud of decane vapor. Decane, with its high
an unambiguous measure of the time of ignition. In molecular weight (142), is heavier than the sur-
this study, n-decane and 1-decene were used as the rounding air despite its elevated temperatureit liquid fuels and air as the environmental gas. The (boiling point 174"C). The formation and the

S two fuels were chosen to be as similar as possible growth of the vapor plume is thus due to the
in all properties except absorptivity with respect momentum implicit in the jet-like, rapid vaporiza-
to the CO2 laser radiation; 1-decene has a substan- tion of dec,ie instead of to buoyancy. Therefore,
tially higher effective absorptivity (approximately it is proba6le that the further central surface

4 50 cm-1 vs. 16 cm- ) in the liquid and probably depression and the subsequent small wavy motions
also in the vapor as well. are caused by this momentum (see below). In

Figure 2, side view schlieren pictures corresponding
3. Results and Discussion to the appearance of the further central depression

do not show any laminar plume-like cloud. (Note
Range of Laser Flux that it has much less time to move up from the

surface.) This is probably due to a low sensitivity
In the authors' previous study (5,6) using setting of the schlieren system for Figure 2. The

decane, the range of laser fluxes was up to 4000 amount of knife edge cutting could not be set the
W/cm 2 and ignition delay time was in the range of same for all schlieren photographs. Further
0.06-1.0 sec. Since the objective of the present discussion of this early sequence of events is given
.study is detailed observation of behavior of the later.
liquid and of vapor build-up in the gas phase,low laser fluxes in the range of 350 - 950 W/cu 2  In Figure 2, shortly after the appearance of
were used to make the behavior slow enough to be the further central surface depression, a black
more easily observed. Also, decene was added as a circle appears in the center of the ring. A similar

second liquid fuel to examine the effect of absorp- black circle also appears much later in Fig. 3a.
tion coefficient on the overall behavior. With the jThe corresponding side view schlieren picture in
present conditions, ignition delay times of decane Fig. 2 indicates a sudden release of decane vapor
are in the range of 0.35 -1.0 See and those of into the gas phase. The black circle becomes larger
decene, 0.040'-0.085 sec. with time and the vaporization of decane becomesmore extensive and turbulent. Side view direct
Parametric Study of Phenomena close-up picti es of decane near the surface, shown

in Figure 4, indicate an extremely rapid growth of
Three parameters, laser flux, incident laser a bubble (its diameter is approximately 3 mm)

angle with respect to the liquid surface and beneath the surface. These pictures were taken
absorption coefficient of the liquid, were selected with different conditions from those of Figs. 2
in this study. Top view and side view pictures and 3; they are for decane, a laser incident angle
were taken with various combinations of these of 30* from right to left and a laser flux of about
parameters. Typical examples are shown in this 2600 W/cm2 . Some properly lighted sequences of top
paper. Pictures of decane are shown in Figure 2 photos clearly show that even at much lower fluxes
for an incident laser flux of 730 W/cm 2 and in than this the bubble bursts as quickly as it forms;
Figure 3a and 3b for 360 W/cm 2 . The dark band in therefore, the observed black circle in Figs. 2 and
the side view pictures is due to the liquid meniscus 3 is an open hole left by the bubble. Shortly
at the window of the container. Surface behavior after the bubble reaches its maximum size it starts
as seen from above and formation of the vapor cloud to shrink; this is made complicated by the appear-
in the gas phase as seen from the side are shown ance of a second sma 'ler bubble in the side wall of
for decane with an incident laser angle of 30". In the first as shown in Fig. 4 (a high flux phenome-
Figure 2, the top view pictures and side view non; see below). The decane surface becomes very
schlieren pictures are shown side by side in cor- complex and, except at low fluxes, a second bubble
related time sequence. The left columns of pictures forms before these complex motions damp out. Thus
are of the top view and the right columns are of the the cycle of formation and collapse of a bubble
side view. For the low laser flux case, top view sandwiched between periods of no bubble is repeated;
pictures are shown in Fig. 3a and side view however, the frequency of bubbling is not exactly
schlieren pictures in Fig. 3b. In Figures 3a and regular. The top view pictures in Fig. 2 and
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viaporization process. ILhee waves; interact with nuticcable diftrnce Iictw,..n the two anlgles occurs
the previously generated wave!; 10 that the surface at high fluxes after the irt;L bubble bursts but

)st;,ucture becoumes extremely complex as shown in before it has collapsed. As was noted previously,
the last columns of Figure 2. At the same time, in such high flux cases a scrond bubble can start
the side view schlieren pictures indicate violent ,o form in the wall of the lirst bubble and this
vaporization, with decane vapor and liquid dl,'.iie complicates the c,llapse of the first. As shown
droplets being thrown in all direct uii, in Fig. 4, the left i!de of the original bubble

bhvodevelops a bulge with the incident laser angle of
Gas ph,e ignition generally occurs during this 30 degrees from right to left. At 90 degrees, the

compl! x behavior in the liquid atnd gas phase. The bottom part of the original bubble shows Ellis bulge.
;Uonger of ignitilon is contro1led by the amaount of

vapor, the degree of mixing of vapor with air and Since ignition occurs at the location where

the amount of absorption of the laser energy by the incident laser beam interacts with the appro-
Ithe vapor. This is illustrated in Fig. 5 which priate mixture of fuel vapor and air, the location
Ishows the location of the first appearance of flame of the first appearance of the flame is expected to

ith respect to the irradiated area. In this change with the incident laser angle. (This has

figure, a side view of the decane surface is seen not yet been checked experimentally). This idea is
;through the window; the surface is the broad supported by the fact that, once bubbling starts,
horizontal line across each frame (broadened by the fuel vapor is thrown into the gas phase over ilmost ;

>ieniscus at the window). The upper part of each the entire hemisphere by the violent vaporization
'frame shows the gas phase; the lower part is liquid process and not into a specific direction dependent
decane. The incident laser beam comes from left on the incident laser angle.
to right at an angle of 30 degrees with respect

A to the surface. The small white area of flame that Absorption Coefficient of Liquid

.first appears in the bottom of the second columa
of frames is clearly seen to be in the gas phase The effect of the value of the laser radiation
labout 1 cm above the surface and about 2 cm to absorption coefficient of the liquid on liquid
the left of the irradiated area (indicated by the behavior during the ignition period and also on the
bubble on the right side of the pictures). The overall ignition delay was studied by a comparison
flane spreads upward from the point of its first iof high speed pictures and the measured ignition

appearance, presumably assisted by buoyancy, and delay time with decane and decene. The value of the
then spreads toward the irradiated area of the absorption coefficient of decane with respect to the
decane surface along the laser beam. -C2 lamer is 16 cm

1 
(6) and that of decene is about

150 cm
- I 

(7). Since the o.ily difference between the
The observed effects of three parameters, two molecules is one carbon-carbon double bond at

laser flux, incident laser angle and the value of the end of the carbon backbone for decene instead
iabsorption coefficient of the liquid, on the of all carbon-carbon single bonds for decane, the

, behavior of the liquid surface, bubble formation Iphysical and chemical characteristics of the two
:and vaporization are summarized in Table 1. All liquids are close to each other; the normal boiling
information except ignition delay times was obtained temperature of decane is 174.1C versus 170.5'C for
from a total of twenty eight separate movies. Since decene (8); the difference in molecular weight is
the onset of the laser irradiation is not precisely two; thermal properties should be close to each
defined in these pictures and also since some of other. Oxidation characteristics are expected to
:the phenomena are not sharply visible in some be quite similar, judging from the analogous pair,movies, values listed in this Lable may not be exact 'pentane and pentene. Flammability limits for

but they are sufficiently so for the objectives pentane are 1.4 - 7.8% fuel in air; for pentene
lof this paper. they are 1.65 - 7.7% fuel in air (9). Therefore,

the difference between the two liquids for this
Laser Flux study is mainly the difference in the value of

absorption coefficient. Also, it is expected that
Higher laser flux shortens the time to the a similar difference in absorption coefficient

first appearance nf the central surface depression applies to vapors from the two liquids.
associated with the momentum of the laminar
vaporization plume and to the appearance of the Top view pictures of decene during the ignition
first bubble. This is clearly demonstrated by period are shown in Figure 6. The sequence of
comparison of pictures shown in Figs. 2 and 3. The phenomena, i.e., circular wave motion, the central
frequency of the bubble formation/collapse cycle depression, bubble formation and complicated surface
tends to increase with increases in laser flux. It motion, is virtually the same as th&t of decane
also appears qualitatively that the laser flux does as seen in Figs. 2 and 3. The distinctive dif-
not have a significant effect on the size of the ference between pictures with decene and decane is
bubbles. The pictures show that higher laser flux 'the much shorter time scale of events with decene
causes the behavior of the liquid surface to become compared to that of decane. This is also indicated
complex earlier and vaporization tends to become quantitatively in Table I in a comparison of various
more vigorous, times for the same experimental conditions. It is

lnteresting to note that the times to the appearance
Laser Incident Angle of the central depression and to the appearance of

the first bubble for dccene are about a factor of
Top and side view pictures show that the two to four shorter than those for decane. However,

qualitative behavior of the liquid phase at incident 'Ignition delay times for decene are at least one
laser angles of 30 and 90 degrees does not differ order of magnitude shorter than those for decane.
significantly regardless of total laser power This indicates that the differences in absorption



l
'C0 . fici.ilt beLwee.n the liquids and the vapors both 'photographs (e.g., Fig. 3b). This vapor absorbs
.have a major effect on ignition delay time. some of the incoming radiation as will be discussed

below. If the speed of this plume Is sufficient,
Other differences between the two liquids are the reaction force against the surface can cause a

;the size of the bubbles and the bubble frequency. further depression. Balancing the static and
Bubbles for decene tend to be smaller than those dynamic heads gives, for this surface depression,
for decane as shown in Table I, although the 2
quantitative difference needs further definition. p
Also, bubble frequency for decene tends to be higher hR . 2p
than that for decane urier the same experimental
conditions. For an upward vapor plume speed of 75 cm/sec

Sequence of Phenomena and Underlying Processes (roughly that obtained from Fig. 3b), one finds hR
*is about 150 microns. A central depression is
frequently visible in the top surface photographsIdealized Sequence. Figure 7 shows a series of 'for varying periods before the first bubble appears.

sketches, in cross-section, of what are believed to

be the major steps in the radiation-induced vapori- In cases where this depression (plus that due
zation process. The starting condition, for the to photon pressure) persists for an extended period
first bubble only, is a quiescent liquid at uniform (tens of milliseconds) prior to bubble formation,
temperature (room temperature). Recall that the (te s milsonsairt e fration,
incident beam profile is roughly Gaussian and it appears that some instability exists that causes

small wavelenth surface waves to grow in amplitude
especially around the periphery of the depressio...

In the second sketch of Fig. 7, two changes This may be a result of some coupling between wave-

are apparent. A wave is spreading outward radially induced fluid motion, the vapor flux (which causes

from the locus of the beam center and the tempera- the waves) and the highly non-uniform radiant flux

Lure for some depth below the surface has increased, profile on the liquid surface.

The expected depth of the thermal wave will be In the fourth sketch of Fig. 7, the upper
examined more closely below. It is probable that surface of the liquid has achieved appreciable
the radial surface wave is due at least in part to super-heating because the preceding vaporization
photon pressure that suddenly exerts a sustained per ometh e t rcedi n a bleztoforc onthe urfce.The tatc deth f arocess from the top surface has not been able to
force on the surface. The static depth of a remove a sufficient fraction of the incoming radiant
depression in the liquid surface induced by photonsuperheating
pressure is calculated by equating the static liquid results in bubble nucleation. The amount of super-
head to the rate of toomentum loss of the photons; heating that occurs prior to'nucleation will depend
theon the radiant flux, absorption coefficient of

S(F l liquid, and on the purity of the liquid. In the
h CLg) absence of foreign nuclei for bubble formation, the

where F is the photon energy flux, c is the speed higher radiant fluxes used here should be capablewher F s te poto enrgy lux c s te seed of pushing the liquid very near the superheat limit

of light, g is the acceleration due to gravity and for the fuel. The superheat limit is set by

PL is the liquid density. For a peak radiant flux thermodynaml considerations but its approach is
of the order of 1000 Watts/cm

2 (high end of current typically constrained by the kinetics of homogeneous

tests), the value of h is about 5 micrometers. As bubbl c on and groth (10,11). Then us
a static depression extending smoothly over the bubble nucleation and growth (10,11). The value is
bam staet eretission uld moblyot oer te, typically around 0.9 of the critical temperature;
bean diameter, this would probably not be visible, for decane this translates to 285"C (12). sine

even with the rather high contrast specular surface the normal (i atm) boiling point of decane is 174C,

lighting used here. However, we have a dynamic thi ma (hat o ould, unthe proper condi-~this means that one could, under the proper condi-
situation here in which we view the surface response tions, exceed the boiling point by I1I1C before
to the sudden onset of a force; this produces a achieving homogeneous nucleation. Decene, whose
wave whose steep sides contribute to its visibility, boiling point is 170.5C, should behave quite
An additional contribution to this early wave may similarly since octane and octene do so (12).
come from the transient volumetric expansion of the
liquid as it heats. Decane expands about 10% in In the present experiments, no special
heating up 100C; this would cause a static surface precautions were taken to assure the absence of
height increase of about 10% of the radiation potential nuclei in the fuels although in nearly all
absorption depth over the heating time and a radial tests the fuels were clean enough to exhibit prac-
outwaid displacement over the same interval of tically no scattering of the He/Ne laser light used
about 10% of the beam diameter. This may be more in the schlieren photography. Ref. 13 gives a
visible than the direct photon pressure effect, simple expression relating degrees of superheating
The identification of the wave with these early to the nuclei cavity size.
'effects is important because, as was noted, the
wave onset has been used as a zero time reference 2T a0-4
in several tests. = -

The wave speed is of the order of a few tens

of centimeters per second but the exact value
appears to vary in a manner not fully understood at Here T is the normal boiling point, a is the
present. liquid/vapor surface tension, QVAp is the vaporiza-

tion heat, pv the vapor density in the bubble
In the third sketch of Fig. 7, the surface has' nucleus and rc is the radius of the nucleating

reached a sufficient temperature for vaporization cavity. Since in most cases, the scattering of
to become appreciable. This vapor flux is visible 0.6328 wm radiation was small, rc could be at
as the laminar plume in some of .!,. , , ' - *. ., !.,.a



I '' i S q.' I hi. 5h h Lh' iL . I . ........... . .. a -n.. .
11I1-.crtlIng thll III the al'~ove 4.Apri',, 10; 1 I-,LvcS. ani hII.tO'y Of C(Jmtl) lVX Ly('l-:i Iljk'! thlt just d';r b'l

' til.l ate of the in llinuin liktly ltiuUnt of super-
ho.ating, i.e. a boult 25C. This uLjl ects tie 'acL 'Iht-n;L, Pr ':!;vs -fit_ the 1. ju Id. It is of
,hat the top surface of tie liquid is a "nucleating interest to attempt to a;.;,..ss what thermal processes
:urface" throughout any superheatIng interval. The dominate the heat-up time between bubble bursts.
valmrization heat absorbed there will lead to a Consider first the period before the first bubble.
sub-surface peaking of temperature. The lower The relative importance of heat conduction and
temperatures on both sides of the sub-surface in-depth radiation absorption is Indicated by the
nucleating layer lead to a need for still more ratio of their characteristic lengths.
superheating to assure bubble growth (14).

The last sketch in Fig. 7 indicates the

consequence of this superheating: when nucleation Here a, is the absorptivity of the C 2 laser

finally occurs below the surface, bubble growth radiation in the liquid; recall that it is abou
:radiatio int theoiv liquid; rMcal that iteisabouoccurs with explosive speed. Most (and perhaps 16 cm-1 for decane and roughly three times higher

,all) of the top surface photographs are consistent
with bubble growth and breakage in less than one decne d e arebtabut es1 cm ./ofi decane and decene are both about 8-10 -4 Cal/see
millisecond. The dynamics of bubble growth have (16). Then the above ratio becomes 0.45 t1I2 for
been analyzed in detail for the case where the 1/2 for decene. In all but one
bubble is immersed in an infinite liquid (15). case and I), t t to te irst bu was
;The growth process here is considerably altered by case (Table I), the time to the first bubble was
ithe proximity to the free surface but one conclu- 60 msec or less for decane so that the above ratio
sion from that work appears quite pertinent here: is typically less than about 0.1; for decene, first

bubble times wr-e 10 to 50 msec depending on radiantthe first jew milliseconds of oubble growth are

heavily influenced by inertial forces. It will be flux so the above ratio ranges from 0.14 to 0.3.
shown below that the probable thickness of the For the high flux cases which are of primaryshownbelothat laye i robablehicss of the interest here heat conduction is a minor processfor decane (less for decene). The bubble must compared to in-depth absorption. Since the average.originate in this thin layer and, as it expands, it time between successive bubbles is generally lessstretches the liquid above it, thinning it conid- than the tim, to the first bubble, this statement

is generally valid at later times as well (each
erably. Since this top layer is both thinning bubble tends to reset the clock to zero). Conduc-
rapidly and vaporizing rapidly from both sides tion may be important in dissipating some of the
while continuing to absorb some of the incoming thermal energy that is mixed randomly by bubble
radiation, it is plausible that it breaks in less growth/collapse. One can show also that radial
,than a millisecond. Despite the fact that the conduction due to the non-uniform laser flux is
bubble breaks quickly, it does not disappear with unimportant in the high flux cases.
,equal speed because of the momentum imparted to

lteliquid (and the weaker forces now countering
the buid (an e w e fates thot Again confining attention to the period beforethe bubbles presence). The material that was above the first bubble, one can look at convective
tie region of nucleation is tossed up and out, the liquid. Thr are t eatre
frequently forming droplets that may be tossed processes in the liquid. There are at least three

several bubble diameters away (and out of the laser sources of convective motion. First, recall the

beam path). Since much of thij material was super- short wavelength surface waves that were mentioned

heated and its surface area per unit volume is briefly above as the possible result of couplirg

sharply increased, there is an "explosive" rele1e with the non-uniform-t laser beam profile. Theseofhfuly vapreat tren ian natulos re e build to significant amplitudes only in low flux,of fuel vapor that is turbulent in nature,

spreading more randomly than the preceding laminar long delay time cases and any non-linear mixing

vapor plume. The impulsive downward force due to motions that result in such cases appear to be
bubble expansion and subsequent vapor release contined to the outer periphery of the beam profile.

causes a persisting (up to tens of milliseconds) There is also some small in/out radial convective
bubble-like depression in the liquid. This motion associated with the oscillation induced by
movement stretches, mixes and largely erases the photon-pressure and laminar vapor plume. One
the thermal layer previously established in the can estimate t' it the fundamental frequency of this
liquid over a diameter about equal to that of the oscillation should be about 3G Hertz (6) so it is
bubble. This in turn largely terminates the generally slow and probably of minimal effect in
vaporization process. Bubble-collapse is induced high flux ignition cases.

by gravity and surface tension once the outward/ There are two other sources of convective

!downward movement of the liquid i% brought to a motion prior to the first bubble-buoyant flow andhalt. Since the laser irradiation continues(!omehat. iinhed byaar ir iaborctin e surface tension gradient flow (17). The buoyant
(somewhat diminished by vapor absorption), the flow is a result of the non-one-dimensional heatingstage is set for repetition of the heat-up and of the top of the liquid. Here we follow ref. 17
bubble nucleation/growth/collapse sequence; but note that in the present case inertial forces
unfortunately, the initial condition is now consid- but note tin th pr scas forceserabl mor comlexar, more significant than viscous forces in
erably more complex. balancing the buoyancy force. Consider a radial

Repetition of this cycle feeds the gas phase flow proceeding upward and then outward from the
with slow vaporization punctuated by rapid turbulent center of the laser beam impact point. From a

vapor emissions. As this vapor builds up in the gas steady state balance of buoyancy and fluid inertia

phase it is absorbing the laser radiation and one gets the following (the steady state balance is

heating up. ultimately it will ignite at some point an upper limit on the present dynamic case).

where the proper combination of temperature plus
fuel and oxygen concentration persists for a time ' dvBsufficient to permit thermal runaway. Achievement .LO u 6LgT
of this condition is clearly dependent on the whole L

C
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v 0(. T) 1 Here aL is the effective absorptivity (corrected for
v C BL (T -T)angle of radiation impingement; note that F and "L

have equal and opposiLe corrections for incident
angle which therefore cancel out), rL is surfaceHere vB Is the buoyantly induced flow velocity, pL reflectivity (generally about 5%) and CL is the

is the liquid density, OL is the change of density liquid heat capacity. This expression, if solved
with temperature, and TB is the liquid boiling for time, does give approximately correct values of

'point. Tie use of RL, the laser beam radius. as times to reach the surface depression caused by
the characteristic length in the upward flow is the start of significant vaporization (roughly, at
rough so we can only estimate vB crudely. Inserting the boiling point). The temperature distribution
typical numbers for decane (about the same as is simply
decene) one finds vB = 8 cm/sec. Recall that this
is a steady state upper limit so that, roughly, the T(x) T + (T -T) e- L
average transient value acting on events over a s f
time scale of (RL]VB) = 40 msec is about half this Since we already have an estimate of the extent of
or 4 cm/sec, Then only for bubble delay times of superheating prior to the first bubble (-250C) we
the order of 10 msec is this motion small; for can use this distribution to calculate the depth
delays of the order of 100 msec it is substantial, of the laye- above the boiling point; this is the
causing a full replacement of the liquid beneath origin of tue 100 micron superheat thickness fororhgi bea profile.n ueret hckes o

the beam profile. decane quoted previously. It will be about 1/3

this value for decene; this implies that the bubble
Consider next the flow driven by the surface size will also be reduced by about this factor,tension gradient that is a consequence of the non- which is consistent with Table I. Recall again

uniform laser beam profile. The steady state that this distribution does not account for loss of
balance is now between the surface tension gradient heat from the top surface by laminar vaporization
force and the inertia of the radial outward flow. so it becomes increasingly approximate as such a
Roughly, for'unit volume of liquid, undergoing

Ithis radial motion we have process evolves.

2 Once the first bubble grows and bursts, we
v 5 o ,imediately have a new form of convective motion

- AT 2wL in the liquid. As was noted previously, the
L IL kinitial Motion Induced by the bubble is largely

that of radial expansion but it quickly becomes
or more complex because of the surface proximity.

Some of the schlieren pictures appear to indicate
! (T" 2-T 2 11/2 that the net short term effect of the bubble is to

s= L W- 2wRL2  push a segment of the upper thermal layer (about
equal in diameter to the bubble in width and one
to two diameters deep) down into the cold bulk

Here (30/3T) is the change in surface tension with of the fluid; this is qualitatively consistent
temperature; the other symbols are the same as with other observations on nucleate boiling (18).
before. Inserting typical values for decanea The impact of this depends on the product of flux
(decene is again similar), one finds v, - 3 cn/sec• level and liquid absorptivity (see equation above).
Adgne tis againe smilar), one inds no, 3c/sec. If the product is high (as in the high flux decene
Again this is thle steady tate upper limit so,

roughly, half this value is that pertinent to our case of Table I), the result, already mentioned,

transient heat-up process. Since this flow is in is a second bubble in the bottom (or side) of the

the same direction as the buoyant flow, this result first, despite any convective/conductive cooling
provides a small reinforcement to the previous this fluid may have experienced during the growth

conclusion that these fluid motions become of the original bubble. The further result is

appreciable on a time scale of about 100 msec and quite complex mixing motion in the liquid that
are small perturbations on a 10 msec time scale, should lead to erratic high frequency bubbles.

This conclusion is reinforced by the experi- If the product (aL.F) is low (as in the low

mental behavior of a piece of foam plastic placed flux decane case of Table I), the bubble will

on the liquid surface about 1 cm away from the collapse and at least partially mix a layer of the

irradiated area in several early high flux t order one to two times its original diameter. The

This object was always pushed to the side of the mixing, if total, would fully reset the heating

container during a 2-3 sec. laser irradition but process to zero and another bubble would not follow
Its rate of movement was negligible during the until a time dictated by the above radiation-
time sequence of intrest here ddominated equation (solved with TS > TBOIL);

residual sub-surface convection due to bubble

Again, since the main concern here is high collapse would lengthen the interval. This behavior

flux short delay behavior, we can assume for now for the small (aL • F) case would imply a bubble

that the above fluid .motions are not significant Iinterval comparable to the delay time to the first
Then in the period before the first bubble the bubble. This behavior is -only roughly what one

dominant energy transport mode is in-depth radiation sees for decane at low fluxes, as indicated by

!absorption which follows Beer's law. In this case Table 1. The shorter Interval between bubbles_after

6
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, i; countered by Increasing absorption of the laser far the maiii eimphails of thIi; study has been on
* radiation passing through the accumulating vapor in the observation of the liquid behavior during the

the gas phase.) ignition period. Ilowever, more observations of the
gas phase, especially quantitative concentration and

MoplinJ to the Cas Phase. These bubble- temperature measurements, are necessary to under-
induced liquid motions complicate the determination stand the ignition mechanism and to develop theoret-

4 of bubble frequency considerably. This frequency ical models. To get at these gas phase properties
is of interest because it is probable that it is we have undertaken a feasibility study of the use of
half the key to the rate of fuel vaporization; the holographic ir.terferometry. Since refractive index
other half of the key is the amount of fuel is a function of species concentration and tempera-
vaporized in the bubble growt h/bur ;t/collapse ture, two different wavelengths need to be used to
sequence (plus any vaporization between bubble3). obtain both quantities. Similar measurements were

I Although one could speculate on the factors attempted previously; one with a two wavelength

affecting this vaporization rate, it is best to holographic interferometer for a steady state flame

,attempt direct measurements (a future experiment), study (20) and the other with a two wavelength
interferometer for a time dependent ignition study

For now, we note only that there are three of a solid (19). In this study, a two wavelength

idealized limiting cases of vaporization behavior holographic interferometer will be used since it
that facilitate analysis of the gas phase vapor provides phase information without imposing require-
build-up. In all cases the vapor is absorbing ments of very high quality on the optical components.
some of the laser beamfurther complicating the As a first step, a single wavelength holographic
gas-liquid coupling. The first is the purely interferometry system has been set up to assess the
laminar vaporization case in which a bubble never technique. The system is illustrated in Figure 8.

a occurs (or, if it does, the bubble size is small An additional wavelength from an Ar-ion laser willcompared to all other characteristic lengths in the be added to this system in the near future. A

problem). The present ignition processes begin preliminary result from the system in Fig. & is
I this way but quickly get more complex. Such shown in Figure 9. This picture was taken by the
* relatively simple behavior has been observed with "double exposure technique" in which the hologram

solid fuel ignition by radiation (1,19). This was constructed by taking two exposures: before
4 behavior is favored by high condensed phase the CO2 laser irradiation as a base case and then

* viscosity and absorptivity. Since the plume here during the CO2 laser irradiation. At present, the
is fairly mono-directional its interaction with the timing between the start of laser irradiation and

. laser beam depends strongly on the incident angle the picture taking is not fixed precisely and the
of the beam; such behavior has been seen experimen- exact time of Figure 9 relative to the start of the
tally (5). One can anticipate a substantial beam laser irradiation is not known. Figure 9 shows the
diameter effect as well. Fuel vapor/air mixing fine details of the liquid behavior and the
would be slow also. potential to obtain quantitative information in the

gas phase. High speed pictures of such transient
The second limiting case is that of very low holograms will be attempted in the near future.

frequency bubbling as described above for theliquid. To the gas this presents a sequence of 4. Concluding Remarks

widely-spaced vapor pulses that might be approxi-
mated by delta functions. Transport in the gas is The sequence of events that leads to liquid
convective and increasingly turbulent; the bursting ifuel ignition during high flux irradiation is

* bubbles generate a non-directional vapor plume and lincreasingly clear. Supersaturation and sub-surface
I between bursts, the negative buoyancy of heavy fuel bubble nucleation add semi-periodic disruptions
1 vapors forces them down, spreading them out away to what would otherwise be a laminar vaporization
. from the incident beam. process such as that seen in solids. Even the

slaminar case is quite complex, especially becauseIThe third limiting case corresponds to high 'radiation absorption by the fuel vapors adds further
frequency, large bubble bursts as described above coupling between condensed phase and gas phase
for the liquid. To the gas this presents a nearly behavior. In general, the irregular liquid and gas

:1 constant, non-directional turbulent vapor source. p'hase mixing motions that result from growth and
One would expect a more or less hemispherical bursting of bubbles make the ignition process
envelope of vapor to accumulate over the region stochastic in nature. Since ignition in the gas1 where the beam is incident. Since the gradients requires just the right combination of fuel, oxygen
would be primarily radial, the interaction with and temperature and this is achieved in a field
the laser beam becomes nearly independent of its dominated by large-scale turbulence, ignition delay
incident angle; this trend at high fluxes is also cannot be precisely repeatable. There are, however,
seen experimentally (5). There is a beam size clear trends of behavior with increasing flux or
*effect if the beam becomes larger than the turbulent fuel absorptivity (increases in either accelerate
vapor diffusion length in the gas phase. This is the whole sequence of events, lead to a dominance
because a large diameter beam means simultaneous of bubbling phenomena and decrease the ignition
bubbling will occur over a large liquid surface 1delay) and we have rationalized them qualitatively.
area; there will be many bubbles within the beam There is a need now to quantify the fuel vaporiza-
diameter. In the limit of a large ratio, the gas tion rate and the precise conditions in the gas that
phase behavior becomes one-dimensional and an lead to ignition. There will then be a firm basis
,incident beam angle dependence is reintroduced, for constructing and testing at least limiting

These limiting cases are more amenable to at behavior models of the ignition process.
least approximate analysis. The general behavior
seen in the present experiments tends to fallI . - - ___ ---
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